Histone H3 lysine-4 (H3K4) methylation is associated with transcribed genes in eukaryotes. In Drosophila and mammals, both di-and tri-methylation of H3K4 are associated with gene activation. In contrast to animals, in Arabidopsis H3K4 trimethylation, but not mono-or di-methylation of H3K4, has been implicated in transcriptional activation. H3K4 methylation is catalyzed by the H3K4 methyltransferase complexes known as COMPASS or COMPASS-like in yeast and mammals. Here, we report that Arabidopsis homologs of the COMPASS and COMPASS-like complex core components known as Ash2, RbBP5, and WDR5 in humans form a nuclear subcomplex during vegetative and reproductive development, which can associate with multiple putative H3K4 methyltransferases. Loss of function of ARABIDOPSIS Ash2 RELATIVE (ASH2R) causes a great decrease in genome-wide H3K4 trimethylation, but not in di-or mono-methylation. Knockdown of ASH2R or the RbBP5 homolog suppresses the expression of a crucial Arabidopsis floral repressor, FLOWERING LOCUS C (FLC), and FLC homologs resulting in accelerated floral transition. ASH2R binds to the chromatin of FLC and FLC homologs in vivo and is required for H3K4 trimethylation, but not for H3K4 dimethylation in these loci; overexpression of ASH2R causes elevated H3K4 trimethylation, but not H3K4 dimethylation, in its target genes FLC and FLC homologs, resulting in activation of these gene expression and consequent late flowering. These results strongly suggest that H3K4 trimethylation in FLC and its homologs can activate their expression, providing concrete evidence that H3K4 trimethylation accumulation can activate eukaryotic gene expression. Furthermore, our findings suggest that there are multiple COMPASS-like complexes in Arabidopsis and that these complexes deposit trimethyl but not di-or mono-methyl H3K4 in target genes to promote their expression, providing a molecular explanation for the observed coupling of H3K4 trimethylation (but not H3K4 dimethylation) with active gene expression in Arabidopsis.
Introduction
Histone lysine methylation regulates chromatin structure and gene transcription in eukaryotes. Various lysine residues on histones can be methylated and the e-amino group of lysines can be mono-, di-and tri-methylated. Lysine methylation is linked with transcriptional activation or repression depending on the particular residue that is methylated and the degree of methylation [1] . For instance, H3 lysine-27 trimethylation (H3K27me3) is exclusively involved in transcriptional repression, whereas H3K4 trimehtylation is associated with actively transcribed genes [2] .
Recent genome-scale analyses of H3K4 methylation have revealed that different H3K4 methylation states are often associated with distinct transcription states in a gene. In the well-studied Saccharomyces cerevisiae, H3K4 trimethylation is a mark for actively transcribed genes, whereas mono-or di-methylation of H3K4 is not linked with active gene expression [3] . In Drosophila and mammals, both di-and tri-methylation of H3K4 are associated with gene activation [4, 5] . In contrast to animals, in the higher plant Arabidopsis thaliana, only H3K4 trimethylation, but not mono-or di-methylation of H3K4, is implicated in transcriptional activation [6] .
H3K4 methylation is catalyzed by various methyltransferases. In Saccharomyces cerevisiae, the COMPASS (for Complex Proteins Associated with Set1) H3K4 methyltransferase complex catalyzes H3K4 methylation [7] . This complex contains an H3K4 methyltransferase called Set1, the only known H3K4 methyltransferase in yeast. By itself, Set1 is unable to catalyze H3K4 methylation, and requires other structural components in the complex for its catalytic activity [8, 9] . COMPASS-like complexes have been identified in mammals, and so far, five such complexes known as hSet1 and MLL1, MLL2, MLL3 and MLL4 have been biochemically purified [for a review, see [2] ]. All of these complexes contain four core components including an H3K4 methyltransferase and three structural core components known as WDR5, Ash2 and RbBP5, homologs of the yeast SWD3, BRE2 and SWD1, respectively [2] . WDR5, Ash2 and RbBP5 together form a stable core subcomplex that provides a structural platform for H3K4 methylation [10] . The Ash2-RbBP5-WDR5 subcomplex interchangeably associates with different H3K4 methyltransferases such as hSet1, MLL1 and MLL2 to form different catalytic complexes, and is essential for both di-and tri-methylation of H3K4 [9, 10] . An in vitro reconstituted four-component minicomplex composed of WDR5, Ash2, RbBP5 and MLL1 methylates H3K4 specifically [9] . So far, COMPASS-like complexes have been identified in mammals, but still remain to be identified in other multicellular organisms such as plants.
H3K4 trimethylation typically occurs concomitantly with active gene transcription, and trimethyl H3K4 (H3K4me3) predominantly accumulates in the 59 transcribed regions [2, 11] . In yeast, the RNA Polymerase II Associated Factor 1 complex (Paf1c) recruits the COMPASS complex to the initiating and earlyelongating RNA Polymerase II (Pol II), resulting in H3K4 trimethylation in the 59 genic regions [12] . A similar mechanism might exist in multicellular organisms as Paf1c appears to be evolutionarily conserved in animals and plants [13] [14] [15] . Although H3K4me3 is a chromatin mark for actively transcribed genes, whether it plays an active role in transcriptional activation remains unclear because the accumulation of H3K4me3 in the 59 transcribed regions might merely result from active transcription by Pol II [16] .
Recent studies have revealed a few components involved in H3K4 methylation in Arabidopsis. It has been shown that the Arabidopsis Paf1c is required for the accumulation of H3K4me3 in the 59 regions of actively transcribed genes in Arabidopsis genome [15] . Bioinformatic and phylogenetic analyses reveal that there may be up to ten putative Arabidopsis H3K4 methyltransferases, among which are ARABIDOPSIS TRITHORAX1 (ATX1), ATX2, SET DOMAIN PROTEIN25 (SDG25; also known as ATXR7), SDG14 and SDG16 [17, 18] . Loss of ATX1 function causes a slight reduction in global H3K4me3 and accelerated developmental transition from a vegetative to a reproductive phase (i.e., flowering) [19] . In addition, atx1 mutation leads to floral organ abnormalities in a particular Arabidopsis ecotype [20] . Recently, it has been shown that loss of ATX2 or ATXR7 function causes moderately early flowering [21] [22] [23] . Besides these putative H3K4 methyltransferases, Arabidopsis has two homologs of the human COMPASS-like complex core component WDR5, namely WDR5a and WDR5b [24] . WDR5a binds histone H3 tails, is involved in H3K4 methylation in its target gene chromatin, and represses Arabidopsis flowering [24] .
The timing of floral transition in Arabidopsis is genetically controlled by a network of flowering genes, among which FLC plays a central role. FLC, a MADS box transcriptional factor, is a key floral repressor that quantitatively inhibits the floral transition in Arabidopsis [for a review, see [25, 26] ]. Besides FLC, there are five FLC homologs in Arabidopsis: FLOWERING LOCUS M (FLM)/ MADS BOX AFFECTING FLOWERING 1 (MAF1) and MAF2-MAF5 [27, 28] . FLM, MAF2 and MAF4 moderately repress flowering [27] [28] [29] , whereas the roles for MAF3 and MAF5 remain unclear [28] .
FLC expression is under complex control and chromatin modification plays a critical role in FLC regulation which has become a model for understanding plant gene regulation by chromatin-based mechanisms [26, 30, 31] . FLC is expressed at low levels in many early-flowering Arabidopsis accessions because of the repression by 'autonomous-pathway' genes, among which are a few histone modifiers including CURLY LEAF (a putative H3K27 methyltransferase), HISTONE DEACETYLASE6, FLOWERING LOCUS D (FLD, a putative H3K4 demethylase) and several Type I and II arginine methyltransferases [32] [33] [34] [35] [36] . These proteins mediate 'repressive' histone modifications in FLC chromatin and repress FLC expression to promote flowering. In addition to repressive histone modifications, FLC chromatin can also be modified by H3K4 methylation. Recent studies have revealed that H3K4 trimethylation is linked with activation of FLC expression. H3K4me3 accumulates in the region around the transcription start site (TSS) of FLC including the 59 end of transcribed region [13, 21] . This modification requires Paf1c and WDR5a, and in addition, ATX1 and ATXR7 are partly required [13, 15, 21, 22, 24, 37] . WDR5a can interact with ATX1, binds to FLC chromatin, is required for H3K4 trimethylation in FLC and for FLC activation, and has been proposed to act in the context of an H3K4 methyltransferase complex [24] . So far, although several components involved in H3K4 methylation have been characterized in Arabidopsis, it remains essentially unknown whether H3K4 methyltransferase complexes exist in Arabidopsis. In addition, although it has been well documented that H3K4me3 accumulation is associated with actively transcribed FLC chromatin, whether H3K4 trimethylation can activate FLC expression is unknown.
Here, we report that Arabidopsis homologs of the human COMPASS-like complex core components Ash2 and RbBP5, together with WDR5a, form a nuclear subcomplex for H3K4 methylation during vegetative and reproductive development. The subcomplex component WDR5a can associate with several putative H3K4 methyltransferases, suggesting that multiple COMPASS-like complexes exist in Arabidopsis. Loss of ASH2R function causes a great decrease in genome-wide H3K4 trimethylation, but not di-or mono-methylation. In addition, we found that the ASH2R subcomplex mediates H3K4 trimethylaiton, but not H3K4 dimethylation, in FLC and FLC homologs to activate their expression resulting in delayed flowering. Our findings suggest that the ASH2R-containing COMPASS-like complexes (ASH2R-COMPASS) deposit H3K4me3, but not H3K4me2 or H3K4me1 in Arabidopsis genome. Furthermore, we found that a null lesion in ASH2R causes arrested embryo development at globular stage and that ASH2R is also required for proper leaf growth and development, suggesting that the ASH2R-COMPASS-mediated H3K4 trimethylation plays important roles for multiple Arabidopsis developmental processes.
Author Summary
Histones can be covalently modified and histone modifications regulate chromatin structure and gene transcription. One such modification is histone H3 lysine-4 (H3K4) methylation, which can be mono-, di-, or tri-methylated. In animals such as fruitfly and mammals, both di-and trimethylation of H3K4 are associated with active gene expression. In contrast to animals, in the flowering plant Arabidopsis only H3K4 trimethylation has been implicated in gene transcriptional activation. H3K4 methylation is catalyzed by the H3K4 methyltransferase complexes known as COMPASS-like in mammals. Here, we report that COMPASS-like H3K4 methyltransferase complexes exist in Arabidopsis. Loss of function of a core complex protein causes a great decrease in Arabidopsis genomewide H3K4 trimethylation, but not in di-or monomethylation. Our analyses of several direct target genes of these COMPASS-like complexes show that they mediate deposition of trimethyl but not dimethyl H3K4 in these loci to activate their expression, providing concrete evidence for the notion that H3K4 trimethylation accumulation can activate eukaryotic gene expression. Furthermore, our findings provide a molecular explanation for the observed coupling of trimethylation but not dimethylation of H3K4 with active gene expression in Arabidopsis. In addition, we found that H3K4 trimethylation regulates leaf growth and development, flowering, and embryo development.
Results

Identification and Phylogenetic Analyses of Arabidopsis
Homologs of the Human COMPASS-Like Complex Core Components, Ash2, RbBP5, and WDR5
Recently we have identified two homologs of the human WDR5, namely WDR5a and WDR5b in Arabidopsis genome [24] . To explore whether homologs of the other core COMPASS-like complex components Ash2 and RbBP5, exist in Arabidopsis, we searched the Arabidopsis protein database with the amino acid sequences of these proteins and identified a single homolog for each protein, namely ASH2R (At_1g51450) and RbBP5 LIKE (RBL; At_3g21060) ( Figure S1 and Figure S2 ). The sequence similarity between ASH2R and the human Ash2 over the entire ASH2R is 46% ( Figure S1 ). A recent phylogenetic analysis of Ash2 homologs from several animals and plants also indicates that ASH2R (also known as TRO) is a clear homolog of the human Ash2 [38] . We carried out phylogenetic analysis of RbBP5 homologs from representative animal and plant species. As shown in Figure S2 , in each animal or plant species examined, there is only a single RbBP5 homolog; animal RbBP5 homologs form one clade, and plant homologs constitute another clade. These findings show that there are Ash2 and RbBP5 homologs in Arabidopsis.
The evolutionary history of WDR5 homologs is complex. We found that there are multiple WDR5 homologs in land plants, for instance, three in the basal land plant moss, two in the monocot rice and three in the eudicot poplar, whereas in most animals, there is only a single WDR5 homolog ( Figure 1) . We further performed phylogenetic analysis of WDR5 homologs from representative species. The phylogenetic tree indicates that all WDR5 homologs from plants form a single clade with 64 bootstrap support, whereas all animal WDR5 homologs form another clade with 67 bootstrap support ( Figure 1 ). There is no strong bootstrap support for an animal-plant clade. These results indicate that the animal WDR5 homologs might function like the human WDR5, but raise a question on biochemical functions of the multiple WDR5 homologs in plants.
RBL Promotes the Expression of FLC and FLC Homologs to Repress the Floral Transition
It was of great interest to determine biological functions of ASH2R and RBL. First, we employed a double-stranded RNA interference (dsRNAi) approach to knock down RBL expression in wildtype Col (knockout mutants in RBL were not publically available). Briefly, a 245-bp RBL-specific fragment from the 39 transcribed region was used to create a dsRNAi cassette driven by the constitutive 35S promoter. Eight independent transgenic lines were generated, from which homozygous RBL RNAi-1 and RBL RNAi-2 lines with a single T-DNA locus, were identified. In long days (LD), five out of the eight lines flowered earlier than parental Col, but otherwise were normal; no noticeable phenotypes were observed in the remaining three lines (Figure 2A and 2B, and data not shown). RBL transcript levels were quantified in RBL RNAi-1 and -2 seedlings by real-time quantitative PCR, and indeed, RBL expression was knocked down compared to Col ( Figure 2C ). Together, these results show that RBL represses the floral transition.
FLC plays a central role in floral repression in Arabidopsis, and as described in the Introduction, several components involved in H3K4 methylation promote FLC expression. Hence, it was of interest to examine whether FLC expression was suppressed upon RBL knockdown. FLC transcript levels were reduced in RBL RNAi seedlings compared to Col ( Figure 2D ). We further examined the expression of FLC homologs upon RBL knockdown, and found that MAF4 and MAF5 transcript levels were reduced, whereas levels of FLM, MAF2 and MAF3 transcripts in the RBL RNAi lines were similar to those in Col ( Figure 2D ). Together, these results suggest that RBL promotes the expression of FLC, MAF4 and MAF5, but not FLM, MAF2 or MAF3, to repress the floral transition.
ASH2R Represses Flowering and Is Essential for Seed Development
To explore the biological function of ASH2R, we identified an ash2r-1/+ heterozygous line from the SAIL collection [39] , which carries an insertional T-DNA in the middle of ASH2R. We did not recover any ash2r-1 homozygotes from a large population of the selfed progeny of ash2r-1/+ heterozygotes. Subsequently, we found that in developing siliques from ash2r-1/+ plants, about one-fifth of the seeds (167 out of 788 seeds) were aborted white and brown seeds ( Figure S3A ), whereas in wild-type siliques only less than four thousandth of the seeds (3 out of 798) were aborted. Thus, we conclude that ash2r-1 homozygous seeds are not viable. Next, we examined ash2r-1 embryo development under a differentialinterference-contrast microscope. Up to globular stage, ash2r-1 embryos developed similarly as wild-type ones, however, their further development was arrested ( Figure S3B-S3H ). When wildtype embryos reached heart stage (around 6 days after pollination; DAP), the ash2r-1 embryos were still at globular stage ( Figure S3E and S3H). These findings are in line with a very recent study by Aquea et al. [38] showing that ASH2R/TRO is essential for Arabidopsis early embryogenesis.
To explore the role of ASH2R in vegetative development, we exploited a dsRNAi approach to knock down ASH2R expression. A 223-bp ASH2R-specific fragment was used to create a dsRNAi cassette driven by the 35S promoter. Four independent homozy- Table S1 . doi:10.1371/journal.pgen.1001330.g001 gous transgenic lines with a single T-DNA locus, ASH2R RNAi-1 to -4, were created. These lines all flowered earlier than Col, but otherwise were normal in LD ( Figure 3A, 3B ). In addition, these lines set seeds normally. ASH2R expression was examined in ASH2R RNAi seedlings; indeed, it was knocked down and the ASH2R transcript levels in these lines were about 30-50% of those in Col ( Figure 3C ). Furthermore, we quantified the transcript levels of FLC and FLC homologs in these RNAi lines, and found that FLC, MAF4 and MAF5 expression was reduced, whereas FLM, MAF2 and MAF3 expression was not affected upon ASH2R knockdown ( Figure 3D ). Thus, ASH2R, like RBL, is required for the expression of FLC, MAF4 and MAF5 and represses Arabidopsis flowering.
ASH2R Is Required for Normal Leaf Growth and Development
We further investigated the role for ASH2R in vegetative development using two mutant lines in which ASH2R function is severely disrupted as detailed below. In an effort to create glucocorticoid-inducible ASH2R expression lines, we unintentionally introduced two point mutations T 136 to A and K 187 to R, into the ASH2R coding sequence. Phylogenetic analysis suggests that T136 is conserved among Ash2 relatives in eudicots, whereas K187 appears not to be conserved ( Figure S4B ). The pointmutated ASH2R transgene was inserted downstream a synthetic promoter known as pOp6 ( Figure S4A ), which is responsive to glucocorticoid treatment [40] . In the absence of glucocorticoid induction, we identified five independent lines homozygous for the null ash2r-1 mutation and carrying the point-mutated ASH2R transgene, in which the transgene expression is leaky (see description below).
Individual T 3 populations for these five lines were obtained (note that only transgenic progeny can grow into seedlings due to the embryo lethality of ash2r-1); subsequently, we examined a representative T 3 population from each line phenotypically, and found that at seedling stage two lines (Near-Normal #1 and #2) developed like wildtype Col (WT), whereas the other three lines including ash2r-2 (hypomorphic; thereafter ash2r-2 hyp ) and ash2r-3 (hypomorphic; thereafter ash2r-3 hyp ) displayed leaf abnormalities ( Figure 4A , and data not shown). Of note, all of the progeny within each examined population displayed nearly identical phenotypes that were stably inheritable. In terms of flowering time, the two near normal lines flowered moderately earlier than Col, whereas the other three mutant lines flowered much earlier than Col in LD ( Figure 4B , and data not shown). Using real-time quantitative PCR, we further examined ASH2R transgene expression in shoot apices from 10-day (d) old seedlings, and found that the ASH2R transcript levels in both near-normal lines were higher than those in Col, whereas they were much lower in ash2r-2 hyp and -3 hyp compared to Col ( Figure 4C ). This suggests that the increased transcript levels of point-mutated ASH2R can partly ameliorate the partial functionality of point-mutated ASH2R. Interestingly, in all of these five lines the ASH2R transgene was expressed in the absence of the chemical inducers glucocorticoids; most likely this is because the strong 35S promoter located at the 39 end of ASH2R may promote its expression ( Figure S4A ). To confirm that the early-flowering phenotypes of ash2r-2 hyp and -3
hyp , like those of the ASH2R RNAi lines, were caused by reduced expression of FLC and its homologs, we quantified the transcript levels of FLC, MAF4 and MAF5 in shoot apices of these lines. Indeed, FLC expression was greatly reduced, and both MAF4 and MAF5 expression was nearly eliminated in ash2r-2 hyp and -3 hyp compared to Col ( Figure 4D ). Furthermore, we found that only about two-fifth of the siliques or silique-like structures of ash2r-2 hyp and -3 hyp bore seeds (typically only several viable seeds in each of these siliques) ( Figure S5 ). As described earlier in the text, the ASH2R RNAi lines, unlike ash2r-2 hyp and -3 hyp , are normal except for early flowering as ASH2R expression is only partially suppressed in the RNAi lines. Together, these observations led us to conclude that both ash2r-2 hyp and -3 hyp are strong hypomorphic loss-of-function mutants, largely resulting from the point mutations of T 136 to A and/or K 187 to R and an expression reduction in the point-mutated ASH2R.
The role of ASH2R in leaf growth and development was further explored. We observed that all of the ash2r-2 hyp and -3 hyp mutants (T 3 ) displayed leaf abnormalities: small, narrow, and sometimes curled leaf blades compared to wildtype Col ( Figure 4A ), suggesting that ASH2R is required for proper leaf growth and development. In an effort to create transgenic lines with the FLAGtagged ASH2R transgene (ASH2R:FLAG), we identified one line named as ASH2R:FLAG-1a (T 3 generation) homozygous for the null ash2r-1 mutation and carrying a single-locus ASH2R:FLAG fusion driven by the 35S promoter. The majority of ASH2R:FLAG1a (T 3 ) seedlings were near normal as Col, but about one-third of them displayed leaf phenotypes: typically small and narrow leaf blades as exemplified in Figure 4A . These phenotypes were due to the partial functionality of ASH2R:FLAG, not caused by the increased levels of ASH2R:FLAG because ASH2R overexpression did not give rise to any leaf phenotypes (see Figure 5A , next section). The leaf phenotype of ASH2R:FLAG-1a was similar to, but typically weaker than that of the strong hypomorphic ash2r-2 hyp and -3 hyp ( Figure 4A ). Together, these findings demonstrate that besides flowering repression and seed development, ASH2R is also required for proper leaf growth and development.
Gain of ASH2R Function Activates the Expression of Its Target Genes FLC, MAF4, and MAF5 to Delay Flowering
Loss of ASH2R function in vegetative development causes accelerated floral transition and leaf abnormalities. We sought to further explore the effects of gain of ASH2R function on Arabidopsis development. ASH2R coding region was overexpressed by the constitutive 35S promoter in Col. Eight independent transgenic lines were generated, among which three homozygous lines (T 3 generation) with a single T-DNA locus, ASH2Rox-1 to -3 were further characterized. First, we confirmed that indeed ASH2R mRNA levels in these ASH2Rox lines were higher than those in parental Col ( Figure S6 ). In opposite to the ASH2R RNAi lines, these three lines flowered later than Col (Figure 5A , 5B). In addition, we also observed that three out of the other five lines flowered later than Col (data not shown). Of note, except late flowering, these lines developed normally at vegetative phase ( Figure 5A ), and no noticeable phenotypes were observed in seed development. We further quantified transcript levels of FLC and its homologs in ASH2Rox seedlings. In opposite to ASH2R knockdown, both FLC and MAF4 expression was upregulated in the ASH2Rox lines, and surprisingly, MAF5 expression was significantly activated upon ASH2R overexpression ( Figure 5C , 5D). Consistent with that ASH2R is not involved in the regulation of FLM, MAF2 and MAF3, their transcript levels in the ASH2Rox lines were similar to those in Col ( Figure 5C and data not shown). Taken together, these results show that ASH2R plays an important role in activation of the expression of FLC, MAF4 and MAF5 to inhibit flowering. Interestingly, the significant activation of MAF5 expression upon ASH2R overexpression appears to have a limited effect on the floral repression. This could be attributed to that MAF5 may be a weak floral repressor.
The Spatial Expression Patterns of ASH2R, RBL, and WDR5a Overlap in Vegetative and Reproductive Development
It was of interest to examine whether the spatial expression patterns of ASH2R, RBL and WDR5a overlap in vegetative and reproductive phases. To uncover the ASH2R spatial pattern, a 1.5-kb 59 promoter region plus part of the genomic coding region of ASH2R was translationally fused with the b-GLUCURONIDASE (GUS) gene. In addition, a 1.1-kb promoter plus 0.6-kb the genomic coding region of RBL was translationally fused with GUS. Both transgenes were introduced into Col, and using histochemical staining we found that in vegetative phase both ASH2R and RBL were strongly expressed in root tips, shoot apices and vascular tissues ( Figure 6A ). This pattern overlaps with those of WDR5a and FLC [21, 24] .
Next, we analyzed the spatial patterns of ASH2R-GUS, RBL-GUS and WDR5a-GUS in seed development. ASH2R-GUS was strongly expressed in developing embryos and endosperms ( Figure 6C, 6D) , consistent with ASH2R playing an essential role in seed development. In addition, both WDR5a and RBL, like ASH2R, were expressed in developing embryos and endosperms at globular and heart stages ( Figure 6E-6H) . Together, these findings are consistent with the notion that ASH2R, RBL and WDR5a might act as part of a complex in vegetative and seed development.
ASH2R and RBL Form a Nuclear Subcomplex with WDR5a, but Not with WDR5b, in Vegetative and Reproductive Development
We further explored whether ASH2R, RBL and WDR5a form a stable complex. First, yeast two-hybrid assays were carried out to examine direct associations among these three proteins. In yeast, ASH2R interacted with RBL, not with WDR5a, whereas RBL interacted with WDR5a ( Figure 7A and 7C) . Next, to examine whether RBL associated with ASH2R and WDR5a in plant cells, we performed bimolecular fluorescence complementation (BiFC) experiments using non-fluorescent N-terminal and C-terminal EYFP (for Enhanced Yellow Fluorescent Protein) fragments (named as nEYFP and cEYFP, respectively) fused to the fulllength WDR5a, ASH2R or RBL proteins. nEYFP-ASH2R and RBL-cEYFP were simultaneously expressed in onion epidermal cells, and fluorescence was observed in the nuclei of onion cells ( Figure 7B ), demonstrating that ASH2R associates with RBL. Similarly, we also found that RBL associated with WDR5a in the nuclei of onion cells ( Figure 7D ), consistent with that ASH2R, RBL and WDR5a form a complex.
Our phylogenetic analyses of the WDR5 homologs show that there are multiple WDR5 homologs in land plants (Figure 1 ). Besides WDR5a, Arabidopsis has another WDR5 homolog, WDR5b. We sought to determine whether WDR5b could form a complex with RBL and ASH2R. Using yeast two-hybrid approach, surprisingly, we found that WDR5b did not interact with either RBL or ASH2R in yeast ( Figure S7 ). These results suggest that in Arabidopsis there may be only a single core subcomplex for H3K4 methylation, namely ASH2R-RBLWDR5a.
We further performed co-immunoprecipitation experiments to determine if ASH2R, RBL and WDR5a form a complex in vivo using the ASH2R:FLAG-1a line (T 3 ). Indeed, anti-FLAG specifically immunoprecipitated WDR5a from young seedlings and developing siliques (Figure 7E-7F). As described above, ASH2R physically associates with RBL which directly associates with WDR5a ( Figure 7B and 7D) , and there is no direct association between ASH2R and WDR5a ( Figure 7C ). Thus, ASH2R may form a complex with WDR5a via RBL. To determine whether RBL is required for the in vivo complex formation of ASH2R with WDR5a, we crossed the RBL RNAi-1 into the ASH2R:FLAG-1a line, and subsequently, the F 1 seedlings were used for coimmunoprecipitation. Upon RBL knockdown, the anti-FLAG recognizing ASH2R:FLAG failed to pull down WDR5a in RBL RNAi-1;ASH2R:FLAG-1a seedlings ( Figure 7G ). Thus, RBL is required for the ASH2R-WDR5a complex formation. These results together led us to conclude that ASH2R, RBL and WDR5a form a complex during vegetative and reproductive development.
The physical association of RBL with ASH2R and WDR5a in the onion nuclei suggests that the ASH2R-RBL-WDR5a complex acts in the nucleus. Recently, it has been reported that a transiently expressed fusion protein of ASH2R with GFP (for Green Fluorescent Protein) in onion cells is localized into the nucleus [38] . Using an ASH2R-GFP transgenic line, we confirmed that the ASH2R fusion protein was indeed localized specifically in the nucleus ( Figure S8 ). Together, these results are consistent with that the ASH2R subcomplex functions as a transcriptional regulator. 
WDR5a Protein Interacts with Multiple Putative Arabidopsis H3K4 Methyltransferases
The human Ash2-RbBP5-WDR5 core subcomplex associates with MLL1, MLL2 and other H3K4 methyltransferases to form distinct catalytic complexes that deposit both di-and tri-methyl H3K4 [9, 10, 41, 42] . In Arabidopsis genome, there are may be up to ten putative H3K4 methyltransferases [17] . Recently we have found that WDR5a can associate with ATX1 [24] . Using yeast two-hybrid approach, we further explored whether WDR5a could associate with other putative H3K4 methyltransferases including SDG14 and SDG16. Full-length SDG14 and SDG16 proteins fused to the GAL4 DNA-Binding Domain (BD) were co-expressed with WDR5a fused to the GAL4 Activation Domain (AD) in yeast, and subsequently, we found that both SDG14 and SDG16 physically interacted with WDR5a ( Figure 8A and 8C) . Next, using BiFC we examined whether WDR5a could interact with SDG14 and SDG16 in plant cells. Upon simultaneous expression of WDR5a-cEYFP with nEYFP-SDG14 or nEYFP-SDG16 in onion epidermal cells, fluorescence was observed in the nuclei ( Figure 8B and 8D) . Hence, WDR5a indeed can physically interact with SDG14 and SDG16 in plant cells. In addition, we found that neither RBL nor ASH2R interacted with SDG14, SDG16 or ATX1 ( Figure S9 ). Based on these results, we infer that the ASH2-RBL-WDR5a subcomplex associates with different H3K4 methyltransferases via WDR5a to form multiple functional COMPASS-like H3K4 methyltransferase complexes in Arabidopsis.
ASH2R
Mediates Genome-Wide Trimethylation, but Not Di-or Mono-Methylation of H3K4
In yeast and mammal cells, Ash2-containing COMPASS and COMPASS-like complexes catalyze di-and tri-methylation of H3K4 [8, 9] ; removal of BRE2 (the Ash2 homolog) function in yeast causes a great reduction in genome-wide H3K4me2 and H3K4me3 [8] . Recent studies reveal that the deficiency of MLL2 (the H3K4 methyltransferase of MLL2 COMPASS-like complex) in the mouse oocytes leads to a reduction in global H3K4me2 and H3K4me3 [42] . As described above, the Arabidopsis ASH2R core subcomplex can associate with multiple putative H3K4 methyltransferases to form catalytic COMPASS-like complexes. We sought to investigate the role of Arabidopsis ASH2R-COMPASS in H3K4 methylation. First, genome-wide H3K4 methylation was examined upon loss of ASH2R function. Total histones were extracted from seedlings of wildtype Col and the strong hypomorphic ash2r-2 hyp and -3 hyp , and levels of monomethyl H3K4 (H3K4me1), H3K4me2 and H3K4me3 were measured by western blotting with antibodies specifically recognizing these modifications. We found that H3K4me3, but surprisingly not H3K4me2, was strongly reduced upon loss of ASH2R function ( Figure 9A ). In addition, H3K4 monomethylation was not affected in ash2r-2 hyp or -3 hyp compared to the wildtype ( Figure 9A ). Next, we examined global H3K4 methylation in ASH2R-overexpression seedlings including ASH2Rox-2 and -3, and found that in opposite to loss of ASH2R function, H3K4me3 levels were increased in both ASH2Rox-2 and -3 lines, whereas levels of H3K4me1 and H3K4me2 remained unchanged compared to parental Col ( Figure 9B, 9C) . Together, these results suggest that in Arabidopsis, the ASH2R-COMPASS complexes are responsible for H3K4 trimethylation, but not for di-or mono-methylation of H3K4.
ASH2R Binds to the Chromatin of Its Target Genes and Mediates Tri-, but Not Di-Methylation of H3K4 in These Loci
To investigate whether ASH2R directly interacted with its target the FLC locus to activate its expression, we performed chromatin immunoprecipitation (ChIP) with anti-FLAG using the wildtype-like seedlings of ASH2R:FLAG-1a (T 3 ) in which FLC expression was only moderately suppressed (FLC transcript levels in ASH2R:FLAG-1a WT-like seedlings were about 60% of those in Col). ASH2R was enriched around the FLC TSS (FLC-P), but not in a distal region upstream of the TSS (FLC-U) or in the middle of FLC (FLC-M) ( Figure 10B ). Thus, we infer that the ASH2R core subcomplex directly binds to FLC chromatin to regulate its expression.
Next, we investigated the effect of ASH2R knockdown on diand tri-methylation of H3K4 in FLC chromatin in ASH2R RNAi seedlings by ChIP. Previously, it has been shown that H3K4 trimethylation predominantly occurs around the TSS in the actively transcribed FLC locus [13, 21] . We found that upon ASH2R knockdown, H3K4me3 levels were reduced in the FLC TSS region (Figure 10C) , consistent with the ASH2R binding to this region. Furthermore, we found that levels of H3K4me2 in FLC chromatin remained unchanged upon ASH2R knockdown ( Figure 10D ). Hence, ASH2R is required for H3K4me3, but not for H3K4me2 in FLC chromatin, in line with that ASH2R mediates only genome-wide trimethylation, but not dimethylation of H3K4.
We further examined the association of ASH2R with the MAF4 and MAF5 loci, and found that ASH2R bound to the chromatin of 59 transcribed regions of both MAF4 and MAF5, but not to the 59 region of MAF3 that is located immediately upstream of MAF4 Total protein extracts from Col (WT; as a negative control) and ASH2R:FLAG-1a (T 3 ) seedlings were immunoprecipitated with anti-FLAG agarose, and subsequently, the precipitates were analyzed by western blotting with anti-FLAG and anti-WDR5. The input was the ASH2R:FLAG-1a protein extract. (F) Co-immunoprecipitation of ASH2R with WDR5a in 5-DAP ASH2R:FLAG-1a siliques (T 3 ). The input was the ASH2R:FLAG-1a protein extract from siliques. (G) Co-immunoprecipitation analysis of ASH2R with WDR5a upon RBL knockdown. Total protein extracts from the seedlings of Col (as a negative control), hemizygous ASH2R:FLAG-1a (from the crossing of ASH2R:FLAG-1a to Col), and doubly hemizygous RBL RNAi-1;ASH2R:FLAG-1a were immunoprecipitated with anti-FLAG agarose. Input #1 and Input #2 were the protein extracts of ASH2R:FLAG-1a and RBL RNAi-1;ASH2R:FLAG-1a, respectively. doi:10.1371/journal.pgen.1001330.g007
( Figure 10B ), consistent with that ASH2R promotes the expression of MAF4 and MAF5, but not MAF3. Furthermore, ChIP assays show that levels of H3K4me3 in both MAF4 and MAF5 in their 59 transcribed regions were strongly reduced, whereas H3K4me2 levels remained unchanged in both genes in ASH2R RNAi seedlings relative to Col ( Figure 10C, 10D) . Thus, ASH2R directly mediates H3K4 trimethylation not only in FLC, but also in MAF4 and MAF5.
Gain of ASH2R Function Causes Elevated H3K4
Trimethylation, but Not H3K4 Dimethylation, in Its Target Genes to Activate Their Expression As described in Introduction, H3K4 trimethylation is a chromatin mark for actively transcribed eukaryotic genes, but whether H3K4me3 can cause transcriptional activation is unclear. We have found that ASH2R overexpression causes activation of FLC, MAF4 and MAF5 expression. Increased ASH2R expression is expected to increase the availability of ASH2R protein for assembly of ASH2R-COMPASS complexes. It was of great interest to determine whether ASH2R overexpression would cause elevated H3K4 trimethylation in FLC, MAF4 and MAF5, consequently leading to their activation. First, we performed ChIP experiments to examine tri-methyl H3K4 levels in these loci in Col and ASH2Rox-2 seedlings. At the FLC locus, levels of H3K4me3 in FLC-P, but not in FLC-U, were increased in ASH2Rox-2 relative to Col ( Figure 11A ). Interestingly, H3K4me3 levels in FLC-M were also increased upon elevated ASH2R expression ( Figure 11A ). In addition, we found that H3K4me3 levels in MAF4 were increased in ASH2Rox-2 seedlings relative to Col (Figure 11A ). At the MAF5 locus, a strong increase of H3K4me3 was observed upon ASH2R overexpression ( Figure 11A ). Noteworthily, upon ASH2R overexpression in ASH2Rox-2 seedlings, a two-fold increase of H3K4me3 in MAF5 chromatin appears to cause an around 30-fold increase in MAF5 mRNA levels ( Figure 5D and Figure 11A ), indicating that at the MAF5 locus, H3K4 trimethylation state exerts a strong effect on its activation.
We further examined H3K4 dimethylation state in FLC, MAF4 and MAF5. Consistent with that the ASH2R core subcomplex is required for genome-wide H3K4 trimethylation, but not for H3K4 dimethylation, levels of H3K4me2 in these three loci remained unchanged in ASH2Rox-2 seedlings compared to Col ( Figure 11B ). Thus, consistent with ASH2R's role for H3K4 trimethylation, ASH2R overexpression leads to increased levels of H3K4me3, but not H3K4me2, in its target genes.
To further explore the role for ASH2R in the promotion of H3K4 trimethylation in its target genes, we carried out timed activations of ASH2R expression using a transgenic line (in the Col background) harboring a stringent two-component glucocorticoidinducible transgene expression system that has been widely used for gene expression induction in plants [40, 43] . In this line (harboring pOp6-ASH2R;p35S-GR:LhG4), the expression of ASH2R transgene (free of mutations) was directed by the pOp6 promoter ( Figure S10A ), that is recognized by the trans-acting transcriptional activator GR:LhG4 (GR for Glucocorticoid Receptor). Upon binding of GR to glucocorticoids such as dexamethasone (DEX), GR:LhG4 is expected to specifically binds to pOp6 to turn on ASH2R expression. As noted earlier, we observed leaky expression of the point-mutated ASH2R transgene, likely caused by proximity of the 35S promoter driving GR:LhG4 expression; hence, we reoriented p35S to maximize its distance to pOp6 ( Figure S10A ). Because ASH2R expression levels exert a much stronger effect on MAF5 expression than on FLC or MAF4 expression ( Figure 5C , 5D), we followed MAF5 induction upon DEX-activated ASH2R expression as described next. We applied DEX to 7-d-old seedlings, and found that with a single application, MAF5 expression was slightly induced in 72 hour (h) ( Figure S10C ). Next, we applied DEX twice (the second application occurred 36h after the initial treatment); ASH2R expression was strongly activated upon DEX applications (still up to about 20 fold in 96h; see Figure 11C ). Following ASH2R expression activation, MAF5 expression in shoot apices including newly emerged leaves, was induced to 2.0 fold over the mock in 72h and about 4.0 fold in 96h ( Figure 11D ). In addition, we found that MAF5 expression was not induced in the first pair of rosette leaves even though ASH2R expression was highly activated upon DEX applications ( Figure  S10D -S10E), suggesting that cell division activity is required for MAF5 induction. Interestingly, it took at least about 48h to induce MAF5 expression upon ASH2R expression activation ( Figure 11D ). Arabidopsis shoot apical meristematic cells divide once in 1-2 d [44] . It is likely that one to two rounds of cell division (or DNA replication) in the shoot apices may be required for MAF5 induction by ASH2R.
We performed ChIP experiments to examine H3K4 methylation state in MAF5 chromatin at 48h and 96h after the initial DEX application. Levels of H3K4me3, but not H3K4me2 in MAF5, increased in 96h, consistent with the induction of MAF5 expression ( Figure 11E, 11F) . Thus, the timed ASH2R induction causes increased H3K4me3 in MAF5 chromatin and turns on MAF5 expression. These findings together with the elevated levels of H3K4me3 in FLC, MAF4 and MAF5 upon ASH2R overexpression, strongly suggest that increased H3K4 trimethylation in these loci causes activation of their expression.
Discussion
In this study, we have found that ASH2R and RBL form a core subcomplex with WDR5a, but not WDR5b, which mediates genome-wide H3K4 trimethylation. The ASH2R core subcomplex, in association with H3K4 methyltransferases, mediates H3K4 trimethylation, but not H3K4 dimethylation in its target genes FLC, MAF4 and MAF5, resulting in activation of these gene expression, leading to late flowering. In short, our study provides strong evidence for that there are multiple ASH2R-COMPASS complexes in Arabidopsis, which deposit H3K4me3, but not H3K4me2 or H3K4me1, and that H3K4me3 accumulation can activate target gene expression in eukaryotes.
COMPASS-Like H3K4 Methyltransferase Complexes and Their Roles for Developmental Processes in Arabidopsis
The human COMPASS-like complexes contain three structural core components, one H3K4 methyltransferase and several nonconserved components [2] ; the three core components together with the methyltransferase form a functional (catalytic) core complex for H3K4 methylation [10] . In this study, we have found that the Arabidopsis ASH2R, RBL and WDR5a, homologs of the three structural core components of the COMPASS-like complexes, form a core subcomplex during vegetative and reproductive development. Although there are two WDR5 homologs in Arabidopsis, our study suggests that Arabidopsis only has a single core subcomplex for H3K4 methylation, namely ASH2R-RBLWDR5a. The biochemical and biological functions of WDR5b remain elusive. Our phylogenetic analyses show that in contrast to most animals, there are multiple WDR5 homologs in land plants. Biochemical functions of these proteins cannot be directly inferred simply based on the homology to WDR5, and have to be determined experimentally.
In Arabidopsis there are may be up to 10 putative H3K4 methyltransferases based on similarity of the catalytic SET domains to the known H3K4 methyltransferases in yeast and animals. We have found that WDR5a can associate with multiple putative H3K4 methyltransferases including ATX1, SDG14 and SDG16. Thus, we infer that multiple COMPASS-like H3K4 methyltransferase complexes exist in the higher plant Arabidopsis, for instance, the ASH2R-RBL-WDR5a-ATX1 complex. Of note, this ASH2R-ATX1 complex might contain other co-components beside the four-component catalytic core complex. These COMPASS-like complexes are expected to methylate H3K4 in various target genes and control multiple developmental processes including leaf growth and development, the floral transition and seed development.
The ASH2R-ATX1 COMPASS-like complex activates FLC expression to repress the floral transition in the rapid-cycling accession Col. Recently it has been shown that the ATX1 protein binds to FLC chromatin [21] ; in this study, we have found that ASH2R, like ATX1, directly interacts with the FLC locus. These findings are consistent with that these two proteins are part of the ASH2R-ATX1 complex binding to FLC chromatin to activate FLC expression. Our genetic analyses show that loss-of-function ash2r mutants, similar to atx1, cause a great reduction in FLC expression and consequent early flowering. Furthermore, we have found that knockdown of either WDR5a or RBL expression, like ash2r and atx1, leads to reduced FLC expression and early flowering. These genetic findings are consistent with that WDR5a and RBL are part of the ASH2R-ATX1 COMPASS-like complex that activates FLC expression. FLC is expressed at a level relatively low in the Col background (the wild-type accession used in this study and also commonly used in other Arabidopsis studies), compared to FRIGIDA (FRI)-containing accessions (note that FRI is mutated in Col) [45] . FRI, encoding a coiled-coil domain protein, upregulates the expression of FLC to a higher level that significantly delays flowering [45] . Previously, it has been shown that ATX1 is required for FRI-dependent FLC upregulation [21] . We have recently revealed that a functional FRI causes an increase in the amount of WDR5a protein bound to FLC chromatin, resulting in elevated H3K4 trimethylation in FLC [24] . WDR5a knockdown strongly suppresses FRI-dependent FLC upregulation, but not FLC upregulation/de-repression upon loss of FLD function (note that FLD, a putative H3K4 demethylase, represses FLC expression) [24] . Similarly, we have observed that ASH2R knockdown strongly suppresses FRI-dependent FLC upregulation, but not FLC derepression in fld mutants (data not shown). Given the association of WDR5a with ATX1 and ASH2R (via RBL), these findings suggest that in the presence of a functional FRI, the ASH2R-WDR5a-ATX1 COMPASS-like complex is further enriched at FLC chromatin to upregulate FLC expression. Recently it has been reported that a histone methyltransferase known as EFS, that can methylate both H3K4 and H3K36 in vitro, is required for FRI recruitment to the FLC locus [46] . This recruitment is expected to cause the enrichment of ASH2R-WDR5a-ATX1 complex at FLC, which may function in concert with EFS leading to H3K4 and H3K36 methylation at FLC and FLC upregulation in the FRI background.
We and others have found that a null ASH2R/TRO lesion causes arrested embryogenesis at globular stage [see Figure S3 and [38] ]; in addition, we found that ASH2R forms the core subcomplex with RBL and WDR5a in developing siliques and is required for genome-wide H3K4 trimethylation. These findings, together with the strong expression of ASH2R in developing seeds ( Figure 6C, 6D) , lead us to conclude that the ASH2R core subcomplex (presumably ASH2R-COMPASS) mediates H3K4 trimethylation in seed chromatin to control seed development. Interestingly, we noticed that knockdown of RBL or WDR5a, like ASH2R knockdown, does not disrupt seed development. There are two possible explanations. Firstly, the dsRNAi targeting RBL, ASH2R or WDR5a driven by the 35S promoter only partially suppresses target gene expression, and the remaining transcripts may be sufficient for proper embryogenesis. Secondly, WDR5a, ASH2R or RBL expression in the RNAi lines may not be affected in early embryogenesis because the 35S promoter has been shown to be inactive in the early seed development [47] .
Role of ASH2R and ASH2R-COMPASS for H3K4 Trimethylation in Higher Plants
In yeast, the intact COMPASS complex is required for di-and tri-methylation of H3K4 [8] . Mammalian Ash2-COMPASS complexes are capable of catalyzing di-and tri-methylation of H3K4 [9, 41] ; for instance, MLL2 deficiency in mouse oocytes causes a genome-wide reduction in H3K4me2 and H3K4me3 [42] . In mammals, both di-and tri-methylation of H3K4 are associated with actively transcribed genes [5] , whereas recent genome-scale studies have revealed that only H3K4me3, but not H3K4me2, is correlated with active transcription and implicated in transcriptional activation in Arabidopsis [6] . Because H3K4me3 and H3K4me2 have distinct distribution patterns in Arabidopsis genome, they are expected to be deposited by different players. In this study, we have found that loss of ASH2R function causes a strong global reduction in H3K4me3, but not in H3K4me2 or H3K4me1 in Arabidopsis, whereas ASH2R overexpression leads to a genome-wide increase in H3K4me3, but not in H3K4me2 or H3K4me1. Furthermore, we have revealed that ASH2R knockdown causes a strong reduction in H3K4me3, but not in H3K4me2, whereas ASH2R overexpression leads to an increase in H3K4me3, but not in H3K4me2, in its direct target genes FLC, MAF4 and MAF5 to activate their expression. These findings further support the notion that the Arabidopsis ASH2R-COMPASS complexes specifically deposit H3K4me3 to promote target gene expression, providing a molecular explanation for the observed coupling of H3K4me3 (but not H3K4me2) with active gene expression in Arabidopsis. This indicates a difference in the role of Ash2-COMPASS in H3K4 methylation between Arabidopsis and yeast/mammals.
Both constitutive overexpression of ASH2R and the timed chemical induction of ASH2R expression give rise to increased H3K4me3 in its target genes such as MAF5, and target gene activation. Interestingly, overexpression of WDR5a and RBL by the constitutive 35S promoter, unlike ASH2R overexpression, did not give rise to any noticeable phenotypes (data not shown). Together, these observations indicate that the availability of ASH2R protein is a rate-limiting factor in Arabidopsis H3K4 trimethylation.
Transcriptional Activation by H3K4 Trimethylation
As noted in Introduction, H3K4 trimethylation is a chromatin mark for actively expressed genes in eukaryotic organisms that so far have been examined, but whether it can activate gene expression has been under much debate [see [16] ] as the accumulation of H3K4me3 (predominantly in the 59 transcribed regions) in actively transcribed chromatin may merely result from active transcription. In this study, we have found that the ASH2R core subcomplex, presumably ASH2R-COMPASS, binds to FLC, MAF4 and MAF5 chromatin, and that ASH2R knockdown leads to a reduction in H3K4me3 and suppresses the expression of these three genes. In addition, ASH2R overexpression causes increased H3K4me3 and activation of these gene expression. Furthermore, we have found that timed chemical induction of ASH2R expression causes increased H3K4 trimethylation in MAF5 (a direct target of ASH2R) in shoot apices and turns on its expression. These results strongly suggest that H3K4 trimethylation in FLC, MAF4 and MAF5 can activate their expression, providing concrete evidence for the notion that H3K4 trimethylation can activate eukaryotic that the DEX treatments did not affect ASH2R expression in Col. (D) MAF5 expression in the shoot apices with newly emerged leaves of the pOp6-ASH2R;p35S-GR:LhG4 line upon DEX treatments as described in (C). Relative expression to 0h is presented; bars indicate SD. Note that the DEX treatments did not affect MAF5 expression in Col. (E) Analysis of H3K4me3 in MAF5 chromatin in the shoot apices with newly emerged leaves of the pOp6-ASH2R;p35S-GR:LhG4 line upon DEX-activated ASH2R induction. The DEX treatments were as described in (C). Relative fold changes of DEXtreated over mock samples at the indicated time points are shown. The examined MAF5 region is as illustrated in Figure 10A . Error bars indicate SD. (F) Analysis of H3K4me2 in MAF5 chromatin in the shoot apices with newly emerged leaves of the pOp6-ASH2R;p35S-GR:LhG4 line upon the DEX treatments as described in (C). doi:10.1371/journal.pgen.1001330.g011 gene expression. Ash2-COMPASS complexes are expected to be actively recruited to target gene chromatin to catalyze H3K4 trimethylation; subsequently, the evolutionarily conserved ATPdependent chromatin remodeling factors such as NURF in human that recognizes and binds to H3K4me3 [11] , may be recruited to target genes to actively mobilize/remodel nucleosomes, resulting in transcriptional activation or active gene expression.
Materials and Methods
Plant Materials and Growth Conditions
All of the Arabidopsis thaliana lines used in this study were in the Col background. The ash2r-1 allele (SAIL_851_H01) was isolated from the SAIL collection [39] . Plants were grown under cool white fluorescent lights in long days (16h light/8h dark).
Yeast Two-Hybrid Assay
The Matchmaker GAL4 Two-Hybrid System 3 (Clontech) was adapted for the yeast two-hybrid assay. The full-length coding sequences for the tested genes were cloned into the pGADT7 and/ or pGBKT7 vectors (Clontech). The experiments were performed according to the manufacturer's instructions using the strain AH109 (Clontech). To test the interactions, yeast cells were spotted on the highly selective SD media lacking of leucine, tryptophan, histidine and adenine.
Bimolecular Fluorescence Complementation Analysis
The full-length coding sequences for WDR5a, ASH2R, RBL, SDG14 and SDG16 were translationally fused with either an Nterminal EYFP fragment in the pSAT1A-nEYFP-N1/pSAT1-nEYFP-C1 vectors and/or a C-terminal EYFP fragment in the pSAT1A-cEYFP-N1/pSAT1-cEYFP-C1-B vectors (www.bio.purdue.edu/ people/faculty/gelvin/nsf/index.htm). Onion epidermal cells were transiently co-transformed by appropriate plasmid pairs using the Helium biolistic gene transformation system (Bio-Rad) following the manufacturer's instructions. Within 24-48 hrs after bombardment, YFP fluorescence was observed and imaged using a Zeiss LSM 5 EXCITER upright laser scanning confocal microscopy (Zeiss).
Whole-Mounted Clearing of Seeds
For the examination of seed development, seeds were cleared in 8:1:3 (W/V/V) chloral hydrate:glycerol: water for 1-2 hrs. The cleared seeds were examined using differential-interferencecontrast optics on a Leica DM4500B microscope, and images were acquired with a Nikon DXM1200F digital camera.
Plasmid Constructions
To knock down RBL expression, two copies of a 245-bp RBL specific fragment (from +1853 to +2097 of the RBL cDNA; TSS as +1) were inserted into the pB7GWIWG2 vector [48] for hairpin RNA production. For ASH2R knockdown, two copies of a 223-bp ASH2R-specific fragment (from +1456 to +1678 of the ASH2 cDNA; TSS as +1), were inserted into the pB7GWIWG2 vector for hairpin RNA production. For overexpression of ASH2R and the rescue of ash2r-1 mutant, the full-length coding sequence for ASH2R was inserted downstream of the CaMV 35S promoter in the pMDC32 vector [49] via gateway technology (Invitrogen), resulting in the 35S-ASH2R construct. For ASH2R:FLAG construction, the full-length ASH2R coding sequence except the stop codon was first fused in frame with a FLAG tag (three copies), and subsequently the ASH2R-FLAG fragment was inserted downstream of the 35S promoter in the pMDC32 vector via gateway technology.
For ASH2R subcellular localization, the full-length ASH2R coding sequence except the stop codon was inserted between the 35S promoter and GFP in the pMDC85 vector [49] ; the ASH2R coding sequence was in frame with the downstream GFP reporter gene. For ASH2R-GUS construction, an 1816-bp ASH2R genomic fragment (from 21537 to +279; A of the start codon as +1) including a 1537-bp native promoter and a 279-bp genomic coding region was inserted upstream of the GUS reporter gene in the pMDC162 vector [49] ; the genomic coding sequence was in frame with GUS. To construct RBL-GUS, we inserted a 1665-bp RBL genomic fragment (from 21081 to +584; A of the start codon as +1) upstream of the GUS reporter gene in pMDC162; the genomic coding sequence of RBL was in frame with GUS.
Real-Time Quantitative RT-PCR
Total RNAs were extracted from aerial parts of 10-d-old seedlings or DEX-treated tissues as described previously [50] . The total RNAs were subsequently used as templates to synthesize cDNAs by reverse transcription. Real-time quantitative PCR was carried out on an ABI Prism 7900HT sequence detection system as previously described [24, 50] . Primers used to amplify the cDNAs of FLC, FLM, MAF2-MAF5 and TUB2 (At_5g62690) have been previously described [29, 50] . The primer pair, 59-AG-GAAGGGTACAAGGAAGGTGATG-39 and 59-AACGATAT-TTCACTGCCTGGTACAAC-39, was used for ASH2R amplification; the primer pair, 59-CGAAGATGAATTTGATTTGA-TACCTG-39 and 59-TGTCTCACCCATTTCTTCTGCTTGT-39, was used to amplify RBL cDNAs. Each sample was quantified in triplicate and normalized to the endogenous control TUB2. Bars indicate standard deviations of triplicate measurements.
Histochemical b-Glucuronidase Staining
Plant tissues were fixed in 80% acetone at 220uC for 1 hr, washed by a staining buffer (5 mM EDTA pH 8.0, 0.05% Triton X-100, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide, 100 mM NaH 2 PO4 and 100 mM Na 2 HPO4), and incubated in the staining buffer with 0.5-mg 5-bromo-4-chloro-3-indolyl-b-d-glucuronic acid (X-Gluc) at 37uC for 4 to 12 hrs. The ASH2R-GUS seedlings were stained for 4 hrs, and other stainings were performed for 12 hrs. Seeds were cleared after staining for observation under a Leica DM4500B microscope.
Co-Immunoprecipitation
Immunoprecipitation experiments were performed as described previously [51] with minor modifications. Briefly, about 0.5-g 10-d-old seedlings were harvested and ground in liquid nitrogen, and subsequently, total proteins were extracted. 1.0-ml protein extracts were incubated with 60-ml slurry of anti-FLAG M2 affinity gel (Sigma, Cat#: A2220), and the immunoprecipitated proteins were washed three times and subsequently boiled in the SDS-PAGE loading buffer, followed by western blotting with anti-FLAG (Sigma, Cat#: A8592) or anti-WDR5 [Abcam, Cat#: ab75439 (Batch #: 639695); note that this antibody recognizes WDR5a; see [24] ]. In the immunoprecipitation experiments with 5-DAP siliques, the samples were cross-linked with 1% formaldehyde for 30 minute before protein extraction as described previously [51] .
Histone Extraction and Immunoblotting
Histone protein extraction and western analysis were performed as previously described [29] . Briefly, total histones were extracted from 10-d-old seedlings, separated in an SDS-PAGE gel, and transferred to a 0.2-ml nitrocellulose membrane (Bio-Rad). The protein blots were probed with anti-monomethyl histone H3K4 (Abcam, Cat#: ab8895), anti-dimethyl H3K4 (Millipore, Cat#: 07-030), anti-trimethyl H3K4 (Millipore, Cat#: 05-745R) and anti-histone H3 (Millipore, Cat#: 07-690).
ChIP-Quantitative PCR
ChIP experiments were performed with 10-d-old seedlings or DEX-treated shoot apices including newly emerged leaves as previously described [52] . Immunoprecipitations were carried out using Rabbit polyclonal anti-dimethyl H3K4 (Millipore, Cat#: 07-030), anti-trimethyl H3K4 (Millipore, Cat#: 05-745R) or anti-FLAG (Sigma, Cat#: A8592). The real-time quantitative PCR and the primers used to amplify FLC-U, FLC-P, FLC-M and TUB2 were described previously [29, 50] . The primer pair, 59-CGGCGAGTTATGCAGACATCACA-39 and 59-GTGGCAG-AGATGATGATAAGAGCG A-39, was used to amplify MAF4; the primer pair, 59-CAGGATCTCCGACCAGTTTATACA-GAC-39 and 59-GAGGAGTTGTAGAGTTTGCCGGT-39, was used to amplify MAF5. The MAF3 region was amplified by the primer pair: 59-GTCTAGCCCAAAAGAAGAAGATAGAA-ACG-39 and 59-GGAGGCAGAGTCGTAGAGTTTTCC-39. The relative fold changes are the averages of two independent biological repeats.
DEX Treatments
The initial treatments were carried out by applying 10 mM DEX plus 0.015% Silwet L-77 to 7-d old seedlings of Col and the pOp6-ASH2R;p35S-GR:LhG4 line grown in long days (the second treatment was carried out 36h after the initial treatment). In the mock control, DEX was omitted. The hour of initial DEX application was designated as 0h. Shoot apices including newly emerged leaves or the first pair of rosette leaves were collected at 0, 24, 48, 72 and 96h for RNA analyses. For ChIP experiments, shoot apices with newly emerged leaves were collected at 0, 48 and 96h. Figure S1 Alignment of Arabidopsis ASH2R (At ASH2R) with Homo sapiens Ash2 (Hs Ash2) and S. cerevisiae BRE2 (Sc BRE2). Numbers refer to amino acid residues. Identical residues among these proteins are shaded black, whereas similar residues are shaded gray. and S. cerevisiae SWD1 (Sc SWD1). Numbers refer to amino acid residues. Identical residues among these proteins are shaded black, whereas similar residues are shaded gray. (B) Phylogenetic tree analysis of RbBP5 homologs from representative plant and animal species. The tree of full-length RbBP5 homologs was constructed by the Neighbor-Joining method using PHYLIP. Bootstrap values are shown for clades with support greater than 60% (in 1000 sampling replicates). The protein accession numbers are specified in Table S1 . 
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